ABSTRACT: Light-matter interaction at the nanoscale in magnetic materials is a topic of intense research in view of potential applications in next-generation high-density magnetic recording. Laser-assisted switching provides a pathway for overcoming the material constraints of high-anisotropy and high-packing density media, though much about the dynamics of the switching process remains unexplored. We use ultrafast smallangle X-ray scattering at an X-ray free-electron laser to probe the magnetic switching dynamics of FePt nanoparticles embedded in a carbon matrix following excitation by an optical femtosecond laser pulse. We observe that the combination of laser excitation and applied static magnetic field, 1 order of magnitude smaller than the coercive field, can overcome the magnetic anisotropy barrier between "up" and "down" magnetization, enabling magnetization switching. This magnetic switching is found to be inhomogeneous throughout the material with some individual FePt nanoparticles neither switching nor demagnetizing. The origin of this behavior is identified as the near-field modification of the incident laser radiation around FePt nanoparticles. The fraction of not-switching nanoparticles is influenced by the heat flow between FePt and a heat-sink layer. KEYWORDS: FePt, magnetic switching, ultrafast magnetism, X-ray scattering, pump−probe F uture magnetic data storage media will require magnetic nanoparticles with stable ferromagnetic order at diameters of only 10 nm and smaller. 1 In this respect, granular thin films of the L1 0 -ordered phase of FePt displaying perpendicular magnetic anisotropy are one of the most suitable storage media. The FePt nanoparticles composing such granular materials remain ferromagnetic as a result of the strong magnetocrystalline anisotropy needed to overcome the superparamagnetic limit.
2−5 However, a byproduct of strong magnetocrystalline anisotropy is the large magnetic field required to reverse the nanoparticle magnetization. Applications strive to reduce the magnetic switching field by locally heating the nanoparticles above their Curie temperature with a laser in order to thermally assist the switching, a technique known as heat-assisted magnetic recording. 6 To date, the influence of the collective dielectric response of FePt nanoparticles on the magnetization switching has not been studied in detail. It is well-known that the optical laser field can be dramatically enhanced via plasmonic resonances in the vicinity of metallic nanostructures such as Au 7 and Ag 8 nanosystems. Laser pulse shaping has been used to control dielectric and plasmonic responses in order to achieve subwavelength control of optical laser near fields. 9,10 Similar, albeit smaller, laser-field enhancements have been reported to occur near FePt nanoparticles. 6, 11 This leads us to the obvious and important question: Do the dielectric properties of granular FePt layers affect the laser-assisted magnetic switching of these materials? To address this question, we study the wellestablished ultrafast demagnetization of FePt nanoparticles after a femtosecond (fs) optical excitation 12, 13 to disentangle the spatially varying response of individual nanoparticles. Contrary to the heat-assisted magnetic recording process, any heating effects introduced by the fs excitation here do not heat up the FePt nanoparticles above their Curie temperature. 12 Time-domain measurements can then distinguish magnetic switching during or immediately after laser excitation as observed for all-optical switching 14 and precessional switching in applied magnetic fields on much slower time scales. 13 We employ time-resolved magnetic small-angle X-ray scattering to show that there is a reproducible switching of a large fraction of the illuminated FePt nanoparticles due to the near-field modifications of the incident laser pulses by neighboring nanoparticles. We quantify the amount of not-switching FePt nanoparticles and demonstrate that the switching probability is enhanced by an increased latency of the deposited laser-energy before being transported to a heat sink. We note that our results are of importance for a microscopic understanding of the recently observed so-called all-optical magnetic switching in FePt granular films.
14−21
X-ray Resonant Magnetic Scattering. To follow the magnetization dynamics of granular thin FePt films in an outof-plane applied magnetic field, we performed time-resolved small-angle X-ray scattering experiments with the Soft X-ray Materials Science (SXR) instrument of the Linac Coherent Light Source (LCLS) X-ray free-electron laser at the SLAC National Accelerator Laboratory. We used 1.5 eV ultrashort laser pulses as a pump, and ultrashort soft X-rays pulses in resonance with the 2p−3d core−valence L 3 absorption edge of Fe as a probe (see Methods). Laser-pump and X-ray-probe pulses arrive collinearly at normal incidence to the sample with a variable time delay (see Figure 1a) . The scattering pattern is recorded for each time delay for right circularly polarized as well as left circularly polarized X-rays and for magnetic fields of μ 0 H± = ±0.4T applied along the X-ray incidence direction. When X-rays pass through a thin film, their transmission becomes modulated by the spatially varying chemical and magnetic distribution in the sample. This leads to a characteristic far-field diffraction pattern on a detector behind the sample. 22 The diffraction pattern is given by the Fourier transform of the spatial variation of the atomic scattering factor. Usually this atomic scattering factor is proportional to the electronic charge and known as the Thomson scattering term. However, for a 3d transition metal such as Fe with the X-ray energy tuned to the 2p−3d core−valence resonance (L 3 edge) the absorption also depends strongly on the magnetic state, that is, the size of the magnetic moment and its orientation relative to the X-ray helicity. 23 The atomic scattering factors at resonance can be summarized by writing the scattering intensity for opposite X-ray helicities or opposite magnetization directions as 24, 25 C q and S q represent the Fourier transforms at wavevector, q, of the charge and spin distribution throughout the sample. The C q S q cross term is the most interesting one because it allows us to assess the average magnetic moment, S q , of all nanoparticles separated by a distance 2π/q from neighboring particles that contribute via charge scattering, C q , to the cross term. A typical scattering pattern is shown in Figure 1a . This rotationally symmetric diffraction pattern can be condensed to a 1D data set using an angular integration providing the intensity versus wavevector transfer, q, in the sample plane (Figure 1b,c) .
The time-resolved scattering measurements were performed on two FePt granular thin films (see Methods). The first one consisting of nanoparticles of 10 nm average size and a coercive field of 2.8 T (Figure 2a Results and Discussion. Identifying Switching and NotSwitching Nanoparticles. Figure 1b ,c shows the scattering intensities before time zero as a function of the scattering vector, q, taken with opposite X-ray helicities for positive and negative applied magnetic fields, respectively. The supported FePt film (see Methods) was excited by fs laser pulses with a fluence of 11 mJ/cm 2 . The X-ray pulses probe the sample ∼800 ms after the fs optical laser excitation, well after the sample returned to equilibrium after laser excitation and shortly before the subsequent pump−probe cycle. The peak visible in all four curves is due to diffraction from pairs of nanoparticles in the FePt films (see Methods) and represents the average separation of ≈ , which is in good agreement with the value obtained from electron microscopy images.
The dichroism, that is, the difference in diffraction measured with opposite X-ray helicities, reflects the cross term, C q S q , of charge and spin scattering 19 from nanoparticle assemblies. If the magnetization, M, of all nanoparticles (marked by the dark red arrows in Figure 1 ) followed the applied magnetic field, the scattering dichroism in Figure 1b ,c should be identical but of opposite sign. While the sign change is indeed observed, indicating that the majority of the nanoparticles reverse their magnetization, the observed dichroism magnitudes are different. With a positive field, H+ (Figure 1a) , the absolute size of the dichroism is clearly larger than with negative field, H− (Figure 1b) . The smaller size of the dichroism for H− indicates that not all nanoparticles can reverse their magnetic moments and follow the applied magnetic field under the specific experimental conditions of fluence, pulse length and magnitude of the applied field. The situation is schematically depicted in the insets of Figure 1b ,c where each arrow represents the total magnetic moment of a nanoparticle. We can determine the fraction of switching nanoparticles that follows the applied field (red arrows) and the fraction of not-switching nanoparticles (black arrows) as being proportional to the difference and sum of the dichroism measurements, respectively, as shown in Figure 1d . In our case, the magnetization that is switched represents ∼80% of the total magnetization with the remaining not-switched magnetization contributing to ∼20% (see Figure  3a) . This behavior can be understood from the fact that in Figure  1 the applied magnetic field is only ±0.4 μ 0 T, which is far below the coercive field of 2.8 μ 0 T that is required to magnetically switch half of the FePt nanoparticles at ambient temperature. We note that this is different from heat-assisted magnetic recording where the sample is heated in near-equilibrium conditions above the Curie temperature 12, 26 and then fieldcooled, in which case very small fields are sufficient to reverse the magnetization. Our case is characterized by nonequilibrium heating of electronic, spin, and lattice degrees of freedom 12 as discussed in the following.
Characterizing Switching and Not-Switching Nanoparticles. Figure 3a ,b shows the azimuthally integrated scattering intensity versus scattering vector q from switching (red curves) and not-switching (black curves) nanoparticles for FePt nanoparticle assemblies that are supported by a membrane or free-standing (see methods), respectively. In Figure 3a ,b, the line shapes of the scattering intensity versus wave vector, q, is largely identical for switching and not-switching nanoparticles, obtained from measurements such as shown in Figure 1 . This indicates that the spatial distribution of both switching and notswitching nanoparticles is very similar and excludes any size or shape dependence. Only at very small wave vectors in Figure 3a do we observe a deviation. We note that in this q-range antiferromagnetic order between nanoparticles can cause additional contributions to the scattering signal that are not discussed here. Figure 3c ,d displays ultrafast demagnetization, a further characteristic of ferromagnetic materials exposed to intense fs laser pulses. 12, 27 Interestingly, only the switching nanoparticles demagnetize on subpicosecond time scales. The extracted time constant of 146 ± 15 fs is in good agreement with literature values. 12, 13 We observe demagnetization amplitudes of 72.2 ± 0.4% and 61.3 ± 0.8% in Figure 3c ,d for nominal incident fs laser fluences of 11 and 8 mJ/cm 2 , respectively. We note that the observed demagnetization is directly linked to the amount of absorbed fs laser radiation. 12, 27 This shows that for both applied magnetic field significantly below the sample coercivity. Although it is not integral to the results of this paper, we mention that this study points to a laser-induced reduction of the magnetocrystalline anisotropy barrier between opposite FePt magnetization directions. However, a detailed discussion of this process is beyond the scope of the present paper.
Nano Letters
The not-switching nanoparticles show a negligible amount of demagnetization indicating that these nanoparticles are significantly less exposed to fs optical laser radiation compared to their switching counterparts. We ascribe this behavior to a near-field laser modification around individual nanoparticles, which is discussed further in the next section. In contrast to the demagnetization behavior, there is a pronounced difference in the fraction of switching and not-switching nanoparticles for the two different sample types shown in Figure 3 . While for the supported FePt sample in Figure 3a not-switching nanoparticles constitute about 20% of all nanoparticles, the free-standing FePt sample used in Figure 3b displays only 10% not-switching spins. It appears that these differences are directly related to the cooling of the nanoparticle assemblies on much longer times than the ones shown in Figure 3 .
Interestingly the supported film exposed to a higher fluence exhibits a larger percentage of not-switching spins (as shown in Figure 3c ) than the freestanding film (shown in Figure 3d ). One significant difference between those two samples is the existence of a heat sink layer underneath the FePt for the supported film (see Methods). The presence of this heat sink leads to an efficient flow of deposited laser energy away from the FePt layer. In contrast, the heat dissipation in the freestanding FePt film occurs primarily laterally. The laser illuminated area is of the order of ∼100 μm 2 , which implies that such lateral heat diffusion is much slower than vertical heat flow to a heat sink only several nanometers away. This provides a clear indication that it is the latency of deposited laser energy within the FePt nanoparticles that facilitates magnetic switching at subcoercive magnetic field strengths in our experiments.
Modeling the Near-Field Nanoparticle Response of Granular FePt Films. We modeled the spatial variation of the fs laser field in granular FePt films due to the dielectric properties of individual nanoparticles (see Methods). This method has already proven to be an effective tool to calculate the spatial distribution of the deposited energy in relation to subsequent magnetization dynamics in various systems. 7,28−31 Individual nanoparticles are surrounded by a near-field modification of the incident laser radiation, as shown in Figure  4a . The laser field is enhanced along the electric polarization direction (red) and reduced along the perpendicular direction (dark blue) compared to the incident laser radiation (light blue). If nanoparticles are close enough to one another, each experiences the modified laser field of its neighbor. This leads to changes in the optical absorption within the particles themselves as shown in Figure 4b . It is clear from this figure that there is a pronounced spatial variation of the laser field leading to a spatially varying amount of absorbed laser energy. While increased absorption leads to ultrafast demagnetization in most nanoparticles, some also experience a reduced optical absorption. The latter would correspond to nanoparticles that are not-switching in Figure 3 . We can assign their spatial positions in Figure 4b by introducing a cutoff optical absorption (see Figure 4c ). This was chosen in Figure 4c so that the ratio of nanoparticles above/below the cutoff matches the observed ratio of switching/not-switching nanoparticles in Figure 3a . Figure 4d summarizes the spatial distribution of not-switching (black) nanoparticles. It is evident that these correspond to more isolated nanoparticles. This isolation can manifest as a larger gap between the edges of neighboring FePt grains without necessarily increasing the center-to-center intergranular distance, which is consistent with the similar size distributions observed in either Figure 3a ,b. This is easy to understand as the near-field enhancement will decrease exponentially with distance 32 and therefore nanoparticles that are on average farther away from their neighbors experience less field enhancement than those that are statistically closer, and therefore accumulate less laser energy.
Conclusion. We have shown that granular FePt films exhibit an interesting complexity when optically excited. Illumination with fs laser pulses leads to heat-assisted magnetic switching of the majority of the FePt nanoparticles. However, we observe that the magnetization of a significant fraction of nanoparticles (10−20%) cannot be reversed under these conditions as they experience a significantly reduced absorption of laser radiation. This is explained taking into account the spatially varying laser absorption in nanoparticles in the enhanced near-fields of adjacent nanoparticles. In addition, magnetization switching is found to depend sensitively on the retention time of deposited laser energy within the nanoparticles. The presence of a heat sink layer as is common in heat-assisted magnetic recording media improves the heat flow out of the nanoparticles, but results in larger ratios of not-switching to switching nanoparticles.
Methods. Sample Fabrication. The freestanding membrane was a single crystalline L1 0 FePt-C grown epitaxially onto a single-crystal MgO(001) substrate by compositionally graded sputtering deposition method 33 using Fe, Pt, and C targets. 18 This process resulted in FePt nanoparticles of approximately cylindrical shape with heights of 10 nm and diameters in the range of 8−24 nm with an average of 13 nm (Figure 2b ). The FePt nanoparticles form with a and b crystallographic directions along the MgO surface. The space between the nanoparticles is filled with amorphous carbon, which makes up 30% of the film's volume. Following the sputtering, the MgO substrate was chemically removed and the FePt−C films were floated onto copper wire mesh grids with 100 μm wide openings. The individual nanoparticles remained aligned during this process, as the particles are held in place by the carbon matrix. 34 The supported FePt granular layer was directly grown on a SiN membrane with a corresponding optimized structural seed layer underneath to support the high temperature FePt growth on these substrates. We used a NiTa(80 nm) heatsink layer, but had to separate it from the SiN(100 nm) membrane with a TiN(10 nm) barrier layer in order to avoid interdiffusion between the NiTa and SiN as observed in previous generations of FePt membrane samples, which led to significant surface roughness enhancement. On top of the NiTa heat sink we deposit a MgO(6 nm) seed layer that is out-of-plane textured in (001) direction with a mosaic crystallite spread of about 5−10 degrees in out-of-plane direction. The FePtC media layer was sputter deposited at about 650°C from a composite target with ∼35 vol % Carbon content with a nominal thickness of 7.8 nm in order to avoid second layer grain formation (Figure 2a ). All depositions were done at HGST, a Western Digital Company using a high-throughput multichamber industrial tool based on the Intevac Lean 200 platform. The layer structure was finally capped with a 3 nm Carbon layer at room temperature to avoid any oxidation or corrosion. Average lateral grain size for this film was about 10 nm (Figure 2a) , so slightly smaller than for Nano Letters the other sample, and consistent with the scattering profiles in Figure 3a and 3b Before the time-resolved X-ray experiments all samples were characterized by X-ray spectroscopy and scattering at beamline 4.0.2 of the Advanced Light Source in Berkeley. Then the samples were magnetically saturated in a + 7 μ 0 T field aligning all the spins of the nanoparticles into the up (+) direction.
Experimental Setup. Time-resolved X-ray scattering measurements were performed in transmission mode in a collinear pump−probe geometry. Samples were photoexcited by circularly polarized 30 fs optical laser pulses with a central wavelength of 800 nm. The Fe charge and magnetic scattering was probed by 60 fs circularly polarized X-ray pulses at the Fe L 3 absorption edge (706.8 eV photon energy). Linearly polarized X-ray pulses from the LCLS X-ray free electron laser were passed through a Fe magnetic film to generate the circular polarization required for our experiment. 25 Scattered Xrays were recorded by a pn-CCD detector at repetition rate of 120 Hz. A constant magnetic field of ±0.4 T was applied during data acquisition. Measurements for opposite applied magnetic field orientations and X-ray helicities allowed us to separate the different scattering contributions in eq 1 as described in the text. The X-ray wavelength at the L 3 edge of Fe is 1.7 nm and it is therefore possible to measure the intergrain correlation length, meaning that the diffraction pattern mainly reflects the nanoparticle to nanoparticle distance in the sample plane as well as the magnetic correlation between FePt nanoparticles.
Optical Simulation. The simulations are finite difference time domain (FDTD) simulations performed with the commercial software Lumerical FDTD. 35 The simulation consists of an area of 0.13 × 0.1 × 1 μm 3 with a nonuniform meshing with the smallest mesh cell being 0.5 × 0.5 × 0.5 nm 3 at the magnetic layer position. The boundary conditions are periodic in x and y to simulate an infinite sample. Along the zaxis a perfectly matched layer is chosen to reduce unphysical reflections and minimize simulation time. The simulated FePt size, shape, and distribution is obtained by importing scanning electron microscopy images acquired on the real sample (Figure 2) . The shape and size is constant throughout the sample thickness. The FePt particles are embedded in a carbon matrix. The dielectric constants used for the different materials are ε = 3.9731 + i 17.358 for FePt and ε = 3.2396 + i 0.072 for the C-matrix. 36 A set of two plane wave sources at a wavelength of 800 nm properly polarized and dephased is used to simulate the circularly polarized excitation. The light absorption, 37 where E ⃗ is the light electric field, is integrated throughout the entire film thickness. A good convergence of the simulations was obtained with variable time steps <0.1 fs and a total simulation time of ∼50 fs, while the Fouriertransform-limited laser pulse was <10 fs long. The simulations shown in the main text have been performed for the supported sample, taking into account the entire buffer and cover layer as shown in the inset of Figure 3a . The simulations for the freestanding sample show that the overall absorption is increased by a factor of 2.5 when compared to the supported sample. 
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